The extracellular matrix of stylar transmitting tissues of many angiosperms is enriched in secretory material$ that are believed to be important for interactions with pollen tubes. We have previously characterized two related cDNAs (TTS-1 and TTS-2) for stylar transmitting tissue-specific proline-rich proteins (TTS proteins) from Nicotiana tabacum. We show here that TTS proteins are highly glycosylated proteins with apparent molecular mames ranging between 50 and 100 kD. Results from chemical and enzymatic deglycosylation suggest that TTS proteins have N-linked glycosyl groups, and the extensive glycosylation most probably has resulted from modifications at the proline residues. TTS proteins are localized to the intercellular regions between neighboring transmitting tissue cells, the space in which pollen tubes elongate as they migrate from the stigma toward the ovary. TTS mRNA and protein levels are regulated during pistil development and by pollination. The levels of TTS mRNAs and proteins increase with flower development and reach the maximal levels as flowers approach anthesis. These maximal levels are maintained in the styles for at least 3 to 4 days after pollination, during which time pollen tubes elongate and reach the ovary. Spatially, TTS mRNAs and proteins accumulate first in the stigmatic end of young styles, and their levels progressively increase toward the basal end as pistils mature. Pollination stimulates the levels of TTS mRNAs and proteins in hand-pollinated young styles, which normally accumulate relatively low levels of these TTS gene products. Pollination also qualitatively affects TTS mRNAs and proteins. In pollinated styles, TTS mRNAs are shorter than those in unpollinated styles and underglycosylated TTS protein species begin to accumulate. The elaborate regulatory mechanisms governing TTS mRNAs and proteins during development and by pollination strongly suggest that these proteins may play a functional role in the process of pollination.
INTRODUCTION
Sexual reproduction in flowering plants depends on the success of several distinct processes (see Lord and Bernier, 1989) . Pollen is the male gametophyte, and the female gametophytes are located in the pistil. The male and female gametophytes are often spatially separated by long distances before the reproductive process begins. The pistil has a pollen-receptive surface called the stigma that is connected to the ovary located at its basal region by a stalklike structure known as the style (Esau, 1977) . The transmitting tissue, which begins just below the surface cells of the stigmatic region, provides both a physical and chemical medium between the male and female gametophytes. Secretory substances occupy the extracellular matrix of the transmitting tissue. These extracellular deposits are highly enriched in sugar-containing substances, including glycoproteins, although their exact chemical constitution remains to be determined (Bell and Hicks, 1976; Clarke et al., 1979; Knox, 1984; Cresti et al., 1986) . Tubes that emerge from pollen grains on the stigmatic surface are guided toward the l To whom correspondence should be addressed. ovary within this secretory matrix by as yet unknown mechanisms. It has been speculated that transmitting tissues may be a source of nutrients or chemotropic factors or may provide mechanical properties necessary for pollen tube growth (Mascarenhas, 1975; Heslop-Harrison, 1987; Vasil, 1987; Lord and Sanders, 1992) .
Pollen tube growth in the transmitting tissue may be interpreted as a unique example of plant cell migration (Lord and Sanders, 1992) . This process depends largely on interactions between components of pollen tube and pistil extracellular matrix because pollen tubes elongate entirely in this matrix without penetrating cells until they reach the embryo sacs within the ovules (Jensen, 1973; Knox, 1984; Lord and Sanders, 1992) . The best-characterized plant extracellular matrix proteins are several classes of proline-or hydroxyproline-rich glycoproteins (Showalter, 1993) . Although the definitive functional roles for these proline-rich proteins remain to be unequivocally demonstrated, it is believed that these cell wall proteins are important to the integrity of individual cells and to the overall plant architecture. Because the genes for some of these proteins are under developmental control, it is likely that they contribute to cellular differentiation and plant growth and development. Furthermore, cell wall proteins are believed to have roles in plant defense, in transducing environmental signals to cells, in mediating cell-cell communication, and in supporting processes that occur in the extracellular matrix such as pollen tube growth (Roberts, 1989 (Roberts, ,1990 Varner and Lin, 1989; Lord and Sanders, 1992) .
A number of transmitting tissue-specific proline-rich protein cDNAs and/or genes have been reported recently. Two of these proline-rich proteins from Nicotiana tabacum and N. a/ate are extensin-like (Chen et al., 1992; Goldman et al., 1992) and have Ser Pro 4 motifs. Another transmitting tissue-specific cDNA is for a proline-rich protein with multiple proline residue-containing motifs in Antirrhinum (Baldwin et al., 1992) . We recently characterized two highly homologous tobacco cDNAs, transmitting tissue-specific-1 (TTS-1) and TTS-2 , for proteins with similarities to a class of proteins collectively known as proline-rich proteins (Showalter, 1993) . A transmitting tissue-specific cDNA homologous to these TTS cDNAs has also been isolated from N. alata, a self-incompatible species (Chen et al., 1993) . We report here that TTS proteins are extracellular matrix glycoproteins secreted to the intercellular regions of the transmitting tissue. TTS mRNAs and proteins are developmental^ regulated, and they are also quantitatively and qualitatively affected by pollination.
furthermore, the proline residues in these proteins may be hydroxylated, and extensive glycosylation of hydroxyproline groups are known to occur in many proline-rich proteins (Cassab and Varner, 1988; Showalter and Varner, 1989) . Protein gel blot analysis showed that TTS antibodies bind predominantly to a group of pistil proteins ranging between 50 and 100 kD, as shown in Figure 1 . Enzymatic deglycosylation does not noticeably affect the electrophoretic mobilities of these proteins. However, when pistil proteins are chemically deglycosylated by hydrogen fluoride, TTS antibodies recognize a predominant protein species of about 30 kD. Further enzymatic deglycosylation of this 30-kD protein species by peptide: A/-glycosidase F, which cleaves between the innermost A/-acetylglucosamine and asparagine residues of high mannose, hybrid, and complex oligosaccharides from N-linked glycoproteins (Tarentino et al., 1990) , yields a TTS protein species of about 27 kD, the molecular mass as deduced from their cDNA sequences . This information together indicates that TTS proteins are glycosylated at either one or both of the N-linked glycosylation sites, and the extensive glycosylation observed probably has resulted from glycosylation at the proline (presumed hydroxyproline) residues. The 30-and 27-kD deglycosylated protein species will be referred to as TTS 30 and TTS 27 proteins, respectively.
RESULTS

Antibodies Specific to TTS Proteins
cDNA sequence analysis showed that the deduced TTS proteins have an N-terminal proline-rich domain and a C-terminal non-proline-rich domain . The 3' half of TTS-2 cDNA was cloned into the protein expression vector pMAL (New England Biolabs, Beverly, MA). The resulting chimeric gene is a fusion between the Escherichia coli maltose binding protein (MBP) and the C-terminal half of TTS-2 protein genes. We had previously determined that antibodies against MBP do not react with any tobacco proteins (data not shown); therefore, a purified MBP-TTS fusion protein was used as the antigen to obtain antibodies against TTS proteins. Because the antigen used was produced from an unmodified £ co//-synthesized non-proline-rich region of the TTS-2 protein, the antibodies were expected to be specific to TTS proteins and not recognize other proline-rich proteins in plants. Results observed (see below) confirmed these expectations.
TTS Proteins Exist as a Complex Array of Highly Glycosylated Species
The deduced amino acid sequences of TTS-1 and TTS-2 proteins reveal two potential N-linked glycosylation sites; 
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TTS Proteins Are Specific to Stylar Transmitting Tissue
Previous RNA hybridization experiments showed that TTS mRNAs are specific to the stylar transmitting tissue . Gel blot analysis of proteins isolated from different tobacco organs showed that TTS proteins are specific to the flower, as shown in Figure 2A ; within the flower, they are specific to the pistil ( Figure 2B ). Immunohistochemical detection of TTS proteins in tobacco styles showed that they are restricted to the transmitting tissue, as shown in Figure 3 . There is no detectable amount of TTS proteins in the ovary (data not shown).
TTS Proteins Are Highly Soluble Extracellular Matrix Proteins Localized to the Intercellular Regions of the Transmitting Tissue
Gentle elution of proteins with Tris-buffered saline (TBS) from styles that have been longitudinally bisected to expose the transmitting tissue released most of the TTS proteins, as shown in Figure 4A . Further extraction of the residual cell material after TBS elution by grinding in liquid nitrogen followed by extraction in a SDS-containing buffer did not recover detectable amounts of TTS proteins. Furthermore, washing isolated transmitting tissue with an isotonic buffer (Murfett et al., 1992) , which presumably does not disrupt cells, released the majority of TTS proteins from this tissue ( Figure 4B ). These results indicate that in contrast to many extracellular matrix proline-rich proteins that are extensively cross-linked and insoluble (Fry, 1986) , TTS proteins are highly soluble, and the majority of these proteins are not cross-linked to the extracellular matrix of the transmitting tissue.
Immunocytochemical detection of TTS proteins on ultrathin sections of the style showed that these proteins are located in the extracellular matrix of the transmitting tissue, as shown in Figure 5 . Specifically, TTS proteins do not concentrate along the primary walls of the transmitting tissue cells but are distributed evenly in the intercellular areas of the extracellular matrix. Pollen tubes elongate in this secretory matrix on their way to the ovary; thus, stylar components residing in this intercellular space may be involved in supporting pollen tube growth.
TTS Expression Is Temporally and Spatially Regulated during Pistil Development
Previous in situ hybridization analysis showed that very young styles accumulate TTS mRNAs toward the stigmatic end, whereas older styles accumulate these mRNAs along the entire length of the stylar transmitting tissue . Gel blot analysis of RNA isolated from the top and bottom halves of styles at different developmental stages (Koltunow et al., 1990) showed that the levels of TTS mRNAs increase with pistil development, reaching the highest level at anthesis, as shown in Figure 6A . Similar levels of TTS mRNAs are maintained for at least 3 to 4 days postanthesis ( Figure 6B ). These RNA blots also showed that there are differential rates of increase in TTS mRNA levels along the length of the styles as pistils mature. TTS mRNAs are at very low levels in the bottom half of young pistils (in 0.5-to 1.5-cm flowers), while they are readily detectable in the stigmatic halves. The levels of TTS mRNAs in the bottom halves increase more sharply than those in the upper portions of the styles during pistil maturation. In the mature styles (of 4-to 5-cm flowers), the levels of TTS mRNAs in the stigmatic and basal ends are almost equivalent.
The accumulation patterns of TTS proteins in the styles are quite similar to those observed for their mRNAs. TTS proteins increase with developmental age of the pistil and reach the maximum at anthesis, as shown in Figure 7A . Gel blot analysis of proteins isolated separately from the upper and lower halves of the styles also showed differential rates of increase of TTS proteins along the length of the style ( Figure 7B ). TTS proteins are detected first in the top halves of the youngest styles (in 0.5-to 1.5-cm flowers), and they begin to accumulate appreciably in the bottom halves of the styles only in 2-to 3-cm flowers. In mature pistils, although the amounts of TTS proteins at the bottom halves of the styles are still lower, they approach those found in the top halves. This is especially evident when these protein samples are chemically deglycosylated ( Figure 7C ) and TTS proteins become more homogeneous 
Pollination Stimulates TTS mRNA and Protein Levels in Young Styles
Because TTS proteins are localized to the extracellular matrix of the transmitting tissue, the medium through which pollen tubes elongate, and are maintained at very high levels in pollinated styles, it is plausible that the presence of these proteins is relevant to the process of pollination. Although the levels of TTS mRNAs and proteins are similar in prepollinated and postpollinated styles of mature flowers (see Figure 6 ), hand pollination of young styles (in 2-cm buds) clearly increases the levels of TTS mRNAs by approximately three-to fivefold, as shown in Figure 8A , compared to unpollinated styles at the same age. Similarly, the levels of TTS proteins increase twoto threefold in young pollinated styles relative to their unpollinated counterparts, as shown in Figure 9 . The stimulation of TTS mRNAs and proteins in these young pollinated pistils occurs throughout the entire length of the styles.
extracted by the isotonic buffer. Because these different extraction conditions recovered vastly different amounts of proteins, samples were loaded on a constant volume per fresh tissue weight basis. Numbers at right indicate molecular masses in kilodaltons. Sections were reacted with TTS antibodies and stained with colloidal gold (15-nm)-labeled secondary antibodies against rabbit IgG. PW, primary cell wall; PL, plasmalemma; IM, intercellular region of the extracellular matrix. Bar = 0.5 urn. 
Pollination Affects the Length of TTS mRNAs
In addition to increased TTS mRNA levels in pollinated styles, the quality of these transcripts is also affected by pollination. TTS mRNAs in pollinated styles are shorter than those present in prepollinated styles. This change occurs in both hand-pollinated young styles ( Figure 8A ) and in pollinated mature styles ( Figure 6B ).
Glycosylation of TTS Proteins Is Modulated in Postpollinated Styles
In developing and mature pistils, almost all TTS proteins exist in the highly glycosylated 50-to 100-kD forms. However, at 3 to 4 days postanthesis, underglycosylated TTS protein species of ~30 kD begin to accumulate in addition to the high molecular weight spectrum of TTS proteins in the pollinated and senescing styles, as shown in Figure 10A . At this stage, fertilization is essentially complete and fruit development has Flowers were emasculated before pollination. One set was pollinated, and the control flowers were emasculated but not pollinated. Styles were harvested either 1 or 2 days after pollination for RNA analysis.
(A) Gel blots of style RNA isolated from the upper (lanes 1 to 4) and lower (lanes 5 to 8) halves of styles that had been pollinated for 1 day (lanes 2 and 6) or 2 days (lanes 4 and 8) or that were unpollinated controls at 1 day (lanes 1 and 5) or 2 days (lanes 3 and 7) after emasculation. The RNA blot was probed with 32 P-labeled TTS DNA. (B) The same gel blot as shown in (A), reprobed with ^P-labeled rbcL DNA. rbcL mRNA was chosen as a constitutive control in this experiment because transmitting tissue cells are photosynthetically active and rbcL mRNA levels were anticipated to remain relatively constant in these tissues. The commonly used actin mRNA as a constitutive control was avoided here because pollen tubes are known to have abundant actin. (C) Ethidium bromide-stained RNA gel from which the RNA gel blot was prepared to show the quantitation of RNA samples applied. Lane designations in (B) and (C) are the same as given in (A).
DISCUSSION TTS Proteins Are Highly Glycosylated Transmitting Tissue-Specific Proline-Rich Proteins
The transmitting tissues in the pistil of angiosperms are highly specialized tissues that function exclusively in interacting with pollen tubes to transport the sperm cells from the stigma to the ovary in sexual reproduction (Knox, 1984) . Glycosylated proline-and hydroxyproline-rich proteins are major extracellular proteinaceous components of the stylar transmitting tissues (Clarke et al., 1979) . We describe here a major extracellular protein component of tobacco stylar transmitting tissues, the TTS proteins. TTS proteins are highly glycosylated proteins secreted to the extracellular matrix of the transmitting tissue, particularly to the relatively wide intercellular regions, the site for pollen tube growth (Figures 1,3 , and 5). Their high solubility in aqueous buffers (Figure 4 ) is in stark contrast to many hydroxyproline-rich glycoproteins, e.g., the extensins, which are highly cross-linked within the cell wall matrix and are not easily solubilized (Fry, 1986) . On the other hand, other classes of hydroxyproline-rich glycoproteins, such as arabinogalactan proteins, which are enriched in the secretory matrix of the transmitting tissues in the pistil (Fincher et al., 1983) , and solanaceous lectins (Alien, 1983) , are highly soluble in aqueous buffers. Ongoing efforts to characterize the 
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•^w initiated. A similar phenomenon is observed in hand-pollinated mature flowers (data not shown). Unpollinated styles from emasculated flowers at a similar age do not accumulate these underglycosylated 30-kD TTS proteins or other lower molecular weight TTS-related species. Interestingly, hand pollination of young styles in 2-cm buds also elicits the appearance of the underglycosylated TTS protein species ~2 to 3 days after pollination ( Figure 10B ). By this time, tubes from the germinated pollen usually have reached the ovary (data not shown). These 30-kD proteins are electrophoretically similar to the chemically deglycosylated TTSao proteins ( Figure 10C ). Tissue samples were taken as described in Figure 8 . Proteins were isolated by SDS buffer extraction. Proteins were isolated from the upper (lanes 1 to 4) and lower (lanes 5 to 8) halves of styles that had been pollinated for 1 day (lanes 2 and 6) or 2 days (lanes 4 and 8) or that were unpollinated controls at 1 day (lanes 1 and 5) or 2 days (lanes 3 and 7) after emasculation. M, molecular mass markers. Numbers at left indicate molecular masses in kilodaltons. (Figure 1) . Peptide:A/-glycosidase F, specific for N-linked glycosyl groups, reduces this TTSso to 27 kD (11827), which is close to the molecular mass deduced from TTS cDNA sequences . Enzymatic deglycosylation alone, however, does not noticeably modify the electrophoretic mobility of the 50-to 100-kD TTS proteins, presumably because the reduction in molecular mass is relatively small and the TTS proteins are highly heterogeneous. These results suggest that, similar to many hydroxyprolinerich glycoproteins in plants, the majority of the sugar molecules are attached to the proline residues, which presumably have been hydroxylated in TTS proteins (Cassab and Varner, 1988; Showalter and Varner, 1989) . The primary structure of TTS proteins and these deglycosylation data suggest that the N-terminal half of these proteins is highly glycosylated through the proline residues, whereas the C-terminal region has low levels of glycosylation at the N-linked glycosylation sites and possibly also at the short stretch of the proline-rich region. Because TTS proteins are most probably encoded by two very similar genes in the tobacco genome (Cheung et al., 1983) , the molecular mass heterogeneity (50 to 100 kD) and the reduction of this heterogeneity to the more homogeneous TTSao and TTS27 by deglycosylation indicate that native TTS proteins have different extents and/or patterns of glycosylation. How and whether these differences in glycosylation characteristics translate into functional significance remain to be determined. (B) Proteins were isolated by SDS buffer extraction from hand-pollinated young flowers (2 cm) that had been emasculated. a, unpollinated controls at 1 day after emasculation; b, pollinated styles at 1 day after emasculation and pollination; c, unpollinated controls at 2 days after emasculation; d, pollinated styles at 2 days after emasculation and pollination; M, molecular mass markers in kilodaltons; U and L are as given in (A). Proteins were overloaded in these samples to reveal clearly the 30-kD underglycosylated TTS species. When less protein was loaded, it is evident that stimulation of TTS protein levels by pollination was similar to that shown in Figure 9 (data not shown). (C) Protein gel blot showing that the 30-kD TTS protein species in pollinated styles is electrophoretically similar to the chemically deglycosylated TTS 30 . Lane 1, chemically deglycosylated proteins from mature styles; lanes 2 and 3, proteins isolated by SDS buffer extraction from the upper and lower halves, respectively, of styles 3 to 4 days postanthesis; lanes 4 and 5, proteins from the upper and lower halves, respectively, of unpollinated styles at similar ages as those in lanes 2 and 3; M, molecular mass markers. Numbers at left and right indicate molecular masses in kilodaltons.
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TTS mRNA and Protein Accumulation during Pistil Development Is Both Temporally and Spatially Regulated
The amounts of TTS mRNAs and proteins increase with pistil development and reach the highest levels in the styles of flowers at anthesis (Figures 6 and 7) . The levels of TTS proteins are maintained for 3 to 4 days after pollination, during which time pollen tubes migrate from the stigma to the ovary for fertilization. However, the accumulation of TTS proteins, and their mRNAs, is not uniformly controlled along the length of the style during development. In young pistils, the upper portion of the styles maintain considerably higher levels of TTS mRNAs and proteins than the lower portion. This disparity becomes less pronounced as pistil development proceeds. The apparent spatial regulation of TTS gene expression is probably a consequence of the differentiation pattern of the transmitting tissues. In the bicarpelloid tobacco style, the abaxial epidermis of the emerging carpels fuse postgenitally and the transmitting tissues differentiate from the fused epidermal cells (Satina, 1944) . Although detailed cellular analysis on carpel fusion during gynoecial development in tobacco has not been reported, in vitro studies on tobacco carpel development showed that the upper portions of the carpels fuse before the lower portions come into contact with each other (Hicks, 1982) . Because epidermal cells of the carpels begin to dedifferentiate upon fusion (Walker, 1975a (Walker, , 1975b , the differentiation of transmitting tissue in tobacco styles should initiate earlier in the top portion of the style than in the basal part. Thus, the timing of TTS gene expression may correlate with the maturity of transmitting tissue. Interestingly, it appears that the accumulation of TTS proteins correlates with the ability of transmitting tissue to support pollen tube growth, because the rate of pollen tube growth increases with the levels of TTS proteins (H. Wang and A.Y. Cheung, unpublished observations).
Pollination Affects TTS mRNAs and Proteins
Quantitatively and Qualitatively
Pollination is known to trigger developmental changes in flowers, such as senescence of the perianth (Halevy, 1986) , and to signal changes in the ovary and ovules prior to fertilization (Jensen, 1973; ONeill et al., 1993; . In tobacco, pollination is followed by senescence of the petals, which become entirely brown in about 4 to 5 days. The corolla abscises around this time, usually breaking the style off from the developing ovary. Pollinated styles stiffen considerably and the anatomy of transmitting tissue cells becomes significantly less ordered (A.Y. Cheung and H. Wang, unpublished observations). TTS proteins are major secretory proteins of stylar transmitting tissue extracellular matrix, the medium through which pollen tubes elongate. Both TTS mRNAs and proteins are maintained at very high levels in the styles of flowers immediately prior to anthesis as well as for 3 to 4 days subsequent to pollination. In younger flowers (e.g., 2-cm buds), the levels of these TTS gene products are considerably lower. Hand pollination of the immature styles in these flowers stimulates TTS mRNA levels by about threefold to fivefold and TTS protein levels by approximately two-to threefold (Figures 8 and   9 ). The increased TTS mRNA and protein levels occur along the entire length of the styles of these young pistils, which can support growth of pollen tubes to the ovary. Although pollination of the mature flower does not noticeably increase the levels of TTS mRNAs and proteins in their styles, this is probably due to the already very high levels of TTS gene products present prior to pollination. The prevalence of TTS proteins in the transmitting tissue of mature styles suggests that they may be involved in the process of pollen tube growth. This is supported by the fact that when young pistils, which normally do not have adequate amounts of TTS proteins to sustain pollen tube growth, are pollinated, TTS mRNA and protein levels are stimulated presumably to accommodate the incoming pollen.
Another interesting observation subsequent to pollination is the accumulation of shorter TTS mRNA species in pollinated styles ( Figure 8A ). It is known that post-transcriptional modifications of mRNAs, such as changes in the length of the poly(A) tails or alternative splicing, occur during certain developmental events or under specific environmental conditions (Yost and Lindquist, 1986; McClure et al., 1993; Osteryoung et al., 1993; Sachs, 1993) . The molecular mechanism underlying TTS mRNA shortening and how this change relates to the pollination process remain to be determined. The observations reported here indicate that, in addition to the quantity, the quality of TTS mRNAs is also responsive to pollination.
In addition to stimulating TTS mRNA and protein levels, pollination is also associated with changes in TTS protein glycosylation properties. Unpollinated styles at all developmental stages accumulate the highly glycosylated TTS proteins (between 50 and 100 kD) only. Upon pollination of mature as well as young pistils, a 30-kD underglycosylated TTS protein species, which is electrophoretically similar to TTSBO, appears between 2 and 4 days after pollination (Figure 9 ). Occurrence of these underglycoslated TTS proteins of a discrete molecular mass of 30 kD and the absence of other low molecular mass TTS-related peptide species argue against the possibility that the 30-kD underglycosylated TTS proteins are due to protein degradation, although contribution from hastened senescence after pollination has not been ruled out. Whether the observed 30-kD TTS protein in pollinated styles results from the removal of sugars from preexisting fully glycosylated TTS proteins or from underglycosylation (or under prolylhydroxylation) of newly synthesized TTS proteins remains to be resolved. It should be noted that pollen grains and in vitro-grown pollen tubes do not accumulate any form of TTS proteins (H.-M. Wu and A. Y. Cheung, unpublished results) . Whether elongating pollen tubes in the styles participate in the appearance of the 30-kD TTS protein species is being investigated currently.
Extracellular Matrix Proteins in Pistil-Pollen lnteractions
Because sexual reproduction in plants depends on multiple levels of interactions between the male gametophyte and female tissues and many of these are mediated by the extracellular matrix, understanding the function and regulation of extracellular components of reproductive tissues is essential for elucidating the cellular and molecular basis of the reproductive process. The most thoroughly examined floral extracellular matrix proteins known to be important to pistil-pollen interactions are the self-incompatibility-related glycoproteins (Haring et al., 1990; Dzelzkalns et al., 1992) . ldentification and characterization of other extracellular matrix components from both pollen and pistils are just emerging (Gasser et al., 1989; Ori et al., 1990; Gasser, 1991; McCormick, 1991; Cheung, 1993; Wu et al., 1993) . Although the function for TTS proteins described here remains to be demonstrated, the temporal and spatial regulation of TTS mRNAs and proteins apparently are aimed at attaining the highest levels of these gene products ata time when the transmitting tissue should be most receptive to incoming pollen tubes. When immature styles are challenged with penetrating pollen, the levels of these TTS gene products increase presumably to meet the demands of the elongating pollen tubes. Transmitting tissue has often been speculated to provide nutrients, mechanical support, and chemotropic cues for pollen tube elongation and tropism (Tilton and Horner, 1980; Heslop-Harrison, 1987; Vasil, 1987 ; Lord and Sanders, 1992) . TTS proteins, as highly glycosylated transmitting tissue extracellular matrix constituents which display both quantitative and qualitative dynamics in pistil development and pollination, could be candidates for participation in the process of pollination. Future research should elucidate the functions for these stylar components.
Preparatlon of Antlbodies against TTS Proteins
.€SChefiChia coli-produced C-terminal non-proline-rich half of the TTS-2 VTs, transmitting tissue-specific) protein was used as an antigen. The antigen was introduced into a female New Zealand white rabbit and boosted every 2 weeks. This service was provided by the Yale University Animal Service (New Haven, cT),
Protein Gel Blot Analysis
METHODS
Protein lsolation
Proteins were isolated from vegetative and reproductive organs from greenhouse-grown tobacco (W38) plants. Tris-buffered saline (TBS; 20 mM Tris-HCI, pH 7.5, 150 mM NaCI) and an isotonic buffer (300 mM sucrose, 150 mM Tris-HCI, pH 8.3, 5 mM EDTA) (Murfett et al., 1992) were used to isolate proteins. In some of the experiments, proteins were eluted from longitudinally bisected tobacco stigma and style in either TBS or the isotonic buffer by gentle swirling (referred to as TBS or isotonic buffer washes). The majority of the proteins eluted are from the extracellular matrix of transmitting tissue cells. Proteins were also isolated from transmitting tissues separated from the other stylar tissues by hand dissection. In some experiments, tissues pulverized in liquid N2 were extracted by grinding in TBS-4% SDS (referred to as SDS extraction). The entire extract was boiled for 10 min. The samples were centrifuged, and the supernatants were used in protein analysis. All protein isolation buffers were added at a 1:l (vh) ratio of buffer to tissues. Pmercaptoethanol(20 mM) was included in all buffers.
Protein Deglycosylatlon
Chemical deglycosylation of proteins by dehydrated hydrogen fluoride was done according to the method of Van Holst and Varner (1984) . Enzymatic deglycosylation was performed by peptide: N-glycosidase F (New England Biolabs, Beverly, MA), which cleaves N-linked glycosyl groups. Reaction conditions were similar to those suggested by the manufacturer. Proteins were denatured by boiling in 0.5% SDS and 1% b-mercaptoethanol for 5 min. Enzyme digestions used 1000 to 2000 units of enzyme and were performed in 50 mM of sodium phosphate, pH 7.5, and 1% Nonidet P-40 at 37°C for 2 hr.
Equal amounts of proteins from each sample were used in protein gel blot analysis unless otherwise indicated. Proteins were separated by SDS-PAGE (Laemmli, 1970 ) on a 12.5% polyacrylamide gel and electrotransferred to nitrocellulose membrane (0.1 pm) for analysis. Alkaline phosphatase-conjugated secondary antibodies against rabbit IgG (Bethesda Research Laboratories) were used for detection, as described in the manufacturer's instruction manual.
RNA Gel Blot Analysis
RNA was isolated from the styles at different developmental stages according to the method of Kawata and Cheung (1990) . 3zP-labeled TTS DNA probes were prepared by random priming and used in RNA blot hybridization. 3Wabeled rbcL DNA (rbcL, large subunit of ributose bisphosphate carboxylase gene) was used as a control probe.
lmmunohistochemical and lmmunocytochemical Detectlon of Proteins
Plant tissues were fixed, embedded in paraffin, and sectioned for immunohistochemical analysis as previously described (Langdale et al., 1988) . TTS antibodies were used at a 125 dilution, and horseradish peroxidase-conjugated secondary antibodies against rabbit IgG were used ata 150 dilution. Endogenous peroxidase activities were inactivated by reactions with H202 in methanol. For immunocytochemical analysis, style tissue was cut into 1-to 2-mm cubes and fixed in 1% paraformaldehyde, 2% glutaraldehyde, lO/o picric acid, 0.05% CaCI2, 2% sucrose, 0.1% Tween-20 in 0.1 M Pipes, pH 7, for 1 hr. Samples were dehydrated, infiltrated, and embedded in LR White resin (London Resin Co., Basingstoke, Hampshire, U.K.) and incubated at 55OC for 24 hr. Ultrathin sections were blocked with TBST (TBS with 0.1% Tween-20, 1% BSA) for 5 min and stained with TTS antibodies (1:25 dilution) for 1 hr. After washing in TBST, these sections werestained with 15-nm colloidal gold-conjugated secondary antibodies (1:40) against rabbit IgG (Amersham) for 30 min. After washing, sections were stained with lead citrate and uranyl acetate before viewing under an electron microscope.
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